A DNA {cytosine)-5-methyltransfero.ee from HaemophillLll aegyptiv.
group from AdoMet to the 5-position of cytosine residues in DNA. In bacteria, DNA metbvlA.tion serves as part of e. defense system against �on-self DNA; in higher eukaryotes, methylation plays a critical yet poorly understood role in developn1ent. .al regulation of gene expression (Bestor & Coxon, 1993; Cedar & Ra•in, 1900) . The importance of DNA methylaLion in mammalian development he.s recently been underscored by the demonstration that mice deficient in DCMta.se expression expire in utero (Li et al., 1992) .
DCMte.se-mediated methyl transfer proceeds through a. rea.ction intermediate in which e. cy�teine t Authore to whom all correspondence should be addressed.
+Abbreviations used : DC�ltaee, DNA (cytosine-5) methyltransferase; AdoMet, 8-adenosyl-t.--methionine; M.liae lJl and M.Hha I, the DCMta8M frnm Haemophi/:u8 aegypti11.11 11.nd Haemnphilu,tJ luu. molyticus, residue on the enzyme i s covalently linked to the substrate cytusine (Santi et al., 1983; Wu & Santi, 1987; Chen et al., 1991) ; release of this ordinarily transient. covalent linkage can be blocked by replacement of the cytosine-5H \\'ith fluorine (Osterman et al. , 1988; Chen et al., 1991 ) . The nucleoside analog 5-fluoro-2'-deoxycytidine (FdC), incorporated into DNA sit.e-specifically through e.utome.t.eci oligonucleotidfl �yntbe�is (Mac�tiUa.n et al., 1992; Schmidt et al., 1992) , thus offers a means of preparing stable, homogeneous DCMtase-DN.<\ cornplexe� that are frozen in the rnidst of the cata lytic event {Verdine, 1994). Here we report growth and preliminary cha.re.cteriza.t,ion of co-crystals formed between e.n FdC-containing duplex oligo deoxynucleotidc and the Haemophilus aegyptius DCMtase, M.Hae III.
Sequence comparisons have revealed that DCMta.ses expressed by organisms ranging from b&cteria to mammals possess six highly con�erved sequence motifs (POsfo.i et al., 1989; Lauster et al., 1989) . A recent X-ray structure of the bacterial DCMtase M.llha I revealed that these motifs comprise the core of a two-domain protein having an appanmt DNA-bindin11 cleft (Cheng et al., 1993) . \\'hereas the larger domain is primarily ma.de up of con8erveci stn1ctural elements, the sequence of the smaller domain va.ries widely both in sequence and in length among members of this protein family {P6sfai et Lauster et al., 1989 Klimasauskas et al., 1991; Mi & Roberts, 1992) . Thus it is likely that the sequence divergence in the smaller domain of DC:\ltases will be mirrored in structural divergence. It is noteworthy that the smaller domain of M .!Jha T possesses a very unusual fold assembled from seven /J-strands which, although closely packed, possess few of the inter strand hydrogen bonding interactions characteristic of /J-sheets.
Parallel to our work on crystallization and ::;truc ture determination of M.Ilae Ill hound to FdC-containing oligonucleotideH, K limasauskas et al. (1994) have pursued similar studies on )f.Jlha I, which have resulted in the determination of a co crystal structure at 2·8 A resolution. This structure reveals, as predicted (Erlanson et al., 1993) , that the substrate cytosine i8 8wivcled out of the D:'\A helix, from which orientation it is presented to the active site of the protein. Although M. Ilae III and M.Ilha I are similar in size and exhibit 44% overall amino acid identity in the conserved domains (Posfai et al., 1989) , the sequence identity falls he low the level of statistical tiignificance (22 %) in the variable domain. Indeed, the two proteins recognir.e different dyad-symmetric sequences in DNA and rnethylate different positions within the site: �I.Hae III, 5'-d(GGCC)-:3'; ") .
1.flha I, 5' d(GCGC)-:f (bold denotes the substrate cytosine).
Comparison of the two co-crystal structures is lhere forc expected to reveal erucial insights into the molecular basis for sequence-specific recognition and substrate selection by DCMtascs.
Preparation of .ill. Hae f I I bound covalently to FdC-containiny DNA ") . 1.Hae III was overexpressed in Escherichia coli and purified as described (Chen et al., 1991 ) , with the exception that an additional heparin-Sepharose CL-6B purification step was added to remove a trace contaminant having nuclease activity. A series of oligonucleotides hearing FdC (F) in place of the substrate cytosine [5'-d(GGFC)-3'] were synthesized on a l µmol scale, using standard phosphoramidite chemistry. The FdC phosphoramidite was synthe sized as described (MacMillan et al., 1992) and all other reagents were purchased from Milligen. Oligonucleotides complementary to the FdC containing strand were synthesir.ed with 5-methyl-2'-deoxycytidine (m 5 dC, M) at the position of the second substrate cytosine [.5'-d(GGMC)-3'], using the phosphorarnidite of m 5 dC (Peninsula Labs); m5dC at this position, which on native substrates iR generated through the action of }ti.Hae III, has been shown to stimulate binding by the protein (Chen et al., I 993) . 'The oligonuc\eotides were puri fied by 20% denaturing polyacrylamide gel electro phoresis and recovered as described (MacMillan et al., 1992) . The two strands were annealed by mixing equimolar amounts of each strand in annealing buffer (300 m:\I �aCI, 3 m�I Tris (pH 8 at 25°C)), heating tu 7 5 °C for 10 min, then cooling gradually to room temperature; this procedure furnishes duplex oligonucleotides with a centrally located )f.Hae III site and a single FdC residue;
: Members of the series of oligonucleotidcs varied in length, nature of ends, and location of the Y[Jlae III site with rc::;pect to the ends (Figure 1 ) (Aggarwal, 1990) . These duplex oligonueleotides were incubated separately with equimolar amounts of M.Ilae lII in the presence of excess AdoMet. In a typical binding reaction, 75 to 100% of the DNA was converted to the corresponding protein D� A complex, as assayed by analytical cation exchange chromatography (Pharmacia Mono-Q FPLC). The protein-DXA complexes were purified by anion-exchange chromatography (S Sepharose, Pharmacia) (Chen et al., 1991) to remove excess protein, if any. The purified complexes were concen trated by ultrafiltration ( 10 kDa cutoff, Filtron) to 21 mg/ml (concentration of protein-DNA complex was determined by L"V absorption at 260 nm, using a calculated molar extinction coefficient of 5-9 x 10-5 cm 1 M-1 ); during this process the buffer was exchanged to 100 m)1 NaCl, 10 m ' M Tris (pH 7·4 at 4°C), 0·.5 mM EDTA, 1 mM DTT, and 2% glycerol. The complexes were stored in exchange buffer at 4°C.
Crystallization Notes l1rystallization of covalent complexes
The covalent �I.Hae III-DNA complexes were screened for crystallization (Aggarwal, 1990 ) using the vapor diffusion method with hanging droplets (McPherson, 1982) . Only one of the fifteen complexes yielded crystals suitable for X-ray diffraction analysis; in this complex M .Hae III is bound to an 18-mer \Vith an A,T-overhang ( Figure I , oligonucleotide 18-AT):
Denaturing SDS-PAGE analysis of these crystals confirmed that they are composed of a covalently linked protein-DNA complex (Chen et al., 1991) . Refinement of the crvstallization conditions led to the follov.-·ing optimiz�d procedure, which is carried out at 4 °C. Aliquots of the protein-DNA complex solution (7·5 µI) are mixed with an equal volume of reservoir solution (9 to 13% (w/v) PEG 3500, 1:3% (v/v) glycerol, 120 mM CaCl2, 100 mM Mes (pH 6-5), and I mM DTT) and suspended over I ml of reser voir solution. Bar-shaped crystals form in eight to ten days and grow to 0·2 mm x 0·4 mm x l ·5 mm in roughly three weeks. The crystals usually have a cleft along their longest dimension. \\Then grown a. t room temperature, the crystals exhibit a more needle-like morphology but belong to the same space group and hu. ve the same unit cell parameters as those groV t 'n at 4 °C.
Crystal characterization, data collection and analysi8
The crystals belong to the space group ?212121 with a= 57·6, b = 108·0, c = 155·8, as determined fro1n precession photographs. Systematic absences of odd-numbered h, k or l along hOO, OkO and 001 in precession photographs suggest the presence of 2-fold sere\\' axes. These are confirmed in Patterson maps using data to 3 �t\, where Harker peaks occur in the planes at x = 1/2, y = 1/2 and z = 1/2.
The crystals exhibit extreme sensitivit . Y to radia tion, V t 'ith diffraction decaying to worse than 3·5 �,\ within minutes at room temperature. This problem is alleviated by freezing the crystals at -160°C, at which temperature diffraction data are collected. Prior to being frozen, the crystals, suspended in their hanging droplets, are equilibrated against a solution of 18% glycerol (cryoprotectant), 25% PEG 3500, I 0 m�f CaCl2 (the latter two were adjusted to facilitate heavy atom soaking experi ments), 100 mM Mes (pH 6·5) for one to two weeks, then soaked in this solution no less than 12 hours. The crystals are then mounted in glass fiber loops and flash frozen in a strearn of cold nitrogen. Handled in this way, the crystals diffract beyond 2·4 A along c*, to about 2·8 A along b*, and to 3·0 to 3·4 A along a*. During a six day data collection to 2·7 �4, no decay \\'as observed in the resolution limit.
Attempts to solve the structure by molecular replaeement using the coordinates of �1.Hha I (Cheng et al., 199:3; courtesy of X. Cheng) have proven unsuccessful to date. )ii.llae III uniformly labeled \Vith selenomethionine failed to form a cova lent protein-DN� t \ complex and hence could not be used to generate a heavy-atom deri\'ative. Heavy-atom derivatives V t 'ith interpretable Patterson maps have been obtained both by soaking in 3-chloromercuri-2-methoxypropylurea and by substituting thymines and cytosines in the DNA \\'ith 5-iodouracil and 5-iodocytosine, respectively. The positions of iodines in the latter derivatives indicate the presence of tVtTO protein-DNA complexes in the asymmetric unit. The .specific volume ( V ml of the crystals is 2·5 A 3 /Da, a value 1vithin the range typically observed for proteln crystals (Matthews, 1968) : the solvent is calculated to comprise approximately 45 to 50o/0 of the crystal. From the position of the heavy atoms, it is clear that the two molecules in the asvmmetric unit are related by a 2-fold axis approxim�tely 7° from b and that the DNA is aligned nearly parallel to c. The orientation of the 2-fold axis is consistent Vt-'ith the results of the self-rotation function using the native data (Rossman & Blow, 1962) . Complete data for the native crvstals and t\\'O iodinated derivatives have been . , collected to 2·7 A, and complete data for the mercury derivative have been collected to 3·0 A, using a Rigaku generator equipped with a RAXIS imaging plate with an MSC low temperature apparatus. At present, the data are more than 96% complete cumulatively, with 91 to 93 % completeness in the highest resolution shell (2·67 to 2·72 A); thus, the poorer resolution along a* does not substantially affect the completeness of the data at approximately 2·7 A. The current figure of rnerit to 3 _._.\_ is 0·62.
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